Abstract Helicobacter pylori UreF (HpUreF) is involved in the insertion of Ni 2? in the urease active site.
Introduction
Helicobacter pylori is a spiral Gram-negative microaerophilic bacterium, and the dominant species of the human gastric microbiome. H. pylori is the etiologic agent for chronic infection of the gastric mucosa, and is an important risk factor for several diseases, such as gastric and duodenal ulcers and gastric adenocarcinoma [1] . This bacterium grows optimally at neutral pH, but tolerates the acidic conditions occurring in the gastric environment, taking advantage of the activity of urease: urea degradation, catalyzed by this urease, ultimately produces ammonia and bicarbonate, and causes a local pH increase to values suitable for bacterial survival and growth, with physiological cytoplasmic pH in the 6.4-7.4 range [2] . This activity is thus required for bacterial gastric colonization [3] , implying that understanding the structure, function, and activation of this enzyme is key to the development of specific drugs to eradicate H. pylori infections [4] .
The structures of urease from three bacteria-Klebsiella aerogenes [5] , Sporosarcina pasteurii [6] , and H. pylori [7] -and from the seeds of the plants Canavalia ensiformis (jack bean) [8] and Cajanus cajan (pigeon pea) [9] are available. In all these enzymes, the active site ( Fig. 1 ) features two essential Ni 2? ions, bridged by a conserved posttranslationally carbamylated lysine residue, and coordinated by N/O-donor ligands from the side chains of histidine and aspartic acid residues, as well as by a hydroxide ion, which appears to act as the nucleophile in the catalytic mechanism [10] . The presence of Ni 2? ions is essential for the remarkable enhancement of the rate of the catalyzed hydrolysis reaction occurring with a k cat /k uncat ratio of about 10 15 [11] . The use of Ni 2? ions for the activity of urease in H. pylori requires efficient systems for acquisition, intracellular trafficking, homeostasis, and utilization of nickel [12, 13] . In vivo, urease is synthesized as an inactive apoenzyme, and four accessory proteins, named UreD, 1 UreF, UreG, and UreE are usually involved in a multistep process that produces the nickel-loaded active holoenzyme (Fig. 1) . The key event of this process is the formation of a protein complex between the apoenzyme and UreD, UreF, and UreG. In this complex, urease undergoes active-site lysine carbamylation concomitant with guanosine 5 0 -triphosphate (GTP) hydrolysis [14] . The latter process is catalyzed by UreG [15] , a GTPase that is intrinsically disordered [16] [17] [18] but nevertheless able to function as an enzyme because of the substantial rigidity of the residues in the active-site region [19] . Subsequently, Ni 2? ions productively enter the active site of the enzyme, a process mediated by UreE, a Ni 2? metallochaperone [20] . Despite the significant amount of structural and biochemical information obtained so far on the proteins involved in urease maturation, the details of the protein interaction network that leads to incorporation of Ni 2? into the urease active site are far from being fully understood, even though a hypothesis is generally accepted (Fig. 1) . UreD is the first protein to come into direct contact with urease, as revealed by chemical cross-linking experiments and mass spectrometry for K. aerogenes UreD (KaUreD) [21] as well as two-hybrid analyses and immunoprecipitation studies for Proteus mirabilis UreD [22] . UreD mediates the interaction with other chaperones, likely acting as a protein platform [23, 24] . UreF binds the apourease-UreD complex by interacting directly with UreD, as shown by chemical cross-linking and small-angle X-ray scattering experiments on K. aerogenes proteins [21, 25] and twohybrid studies on P. mirabilis [22] and H. pylori [26] proteins. The same conclusion was drawn using in vitro light scattering experiments, pull-down assays, and crystallography in the case of H. pylori UreF (HpUreF) [27] . The interaction of apourease with UreD and UreF appears to induce a conformational rearrangement of the enzyme urease, which promotes access to the active site of Ni 2? ions and CO 2 needed for the carbamylation of the active-site lysine [21] . Functional studies suggested that this event prevents Ni 2? ions from unproductively binding to the noncarbamylated active site [28] . On the basis of a structural model of S. pasteurii UreF obtained by fold-recognition algorithms [29] , and following the observation that in the absence of K. aerogenes UreF (KaUreF), K. aerogenes UreG (KaUreG) is unable to join the urease-KaUreD complex [15] , UreF was proposed to have a role in modulating the GTPase activity of UreG through a direct proteinprotein interaction [29] . Pull-down assays on H. pylori proteins indicated that this UreF-UreG interaction requires a preformed complex between UreF and UreD, suggesting that a conformational change on UreF, induced by UreD, is necessary in order to drive the formation of a UreF-UreG complex [27] . Considering that many GTPase activating proteins are allosterically regulated by protein effectors [30] , the role of UreD in determining the UreF-UreG interaction is consistent with the proposed role of HpUreF as an activator of the GTPase activity of UreG [29] . This hypothesis is also supported by weak but intriguing similarities between the structures of several GTPase activating protein domains of different origins and the crystal structure of HpUreF [27, 31] . When expressed and purified alone, UreF from H. pylori strain 26695 features a truncation of the last 21 residues at the C-terminus, suggesting that this protein region is prone to hydrolytic cleavage [27, 31] . On the other hand, when the same protein is co-expressed and co-purified with H. pylori UreD (HpUreD), a complex is formed ( Fig. 1) that directly involves the C-terminus of HpUreF at the interface with HpUreD, as revealed by the crystal structure of the HpUreF-HpUreD complex [27] . The formation of this complex protects this region of UreF from degradation and indicates that it is essential for the stabilization of the UreF-UreD interaction. Site-directed mutagenesis of several conserved residues on the surface of KaUreF that are not located in the disordered and cleavable C-terminal region of the protein resulted in the identification of nine residues that appear to be important for the interaction of KaUreF with KaUreG on the basis of in vitro pull-down assays as well as for the full activation of urease on the basis of in vivo experiments [32] . In the same study, Fig. 1 The Helicobacter pylori urease activation process starting from the apoenzyme and leading to holourease. The ribbon diagrams show the structure of H. pylori urease in its [(ab) 3 ] 4 quaternary structure; each blue chain, gold chain, and green chain represents one (ab) heterodimer, and together they reveal the similarity of the (ab) 3 moiety in this urease with the (abc) 3 UreF was proposed to act as a coupling factor between the GTPase activity of UreG and the process of metallocenter assembly, with UreF increasing the fidelity of activation [32] . The metal binding properties of H. pylori UreG (HpUreG) and H. pylori UreE (HpUreE) in solution and in the solid state have been extensively investigated [12, 18, 33, 34] . In particular, it has been established that these two proteins specifically bind both Ni 2? and Zn 2? , with different affinities and coordination geometries, and that the HpUreE-HpUreG interaction depends on the metal ion bound state: Zn 2? binding promotes HpUreG dimerization [18] and stabilizes the formation of the (HpUreE) 2 -(HpUreG) 2 heterotetramer [33] (Fig. 1) . The cross talk between these metal ions thus significantly influences the urease activation process through modulation of the protein-protein interaction network [12] .
All these data have recently been used to produce a structural model of the H. pylori UreDFGE supercomplex ( Fig. 1 ) [35] . However, no information is yet available on the metal binding capability of UreD and UreF from any biological source, either in solution or in the solid state, with the available crystal structures of UreF and the UreF-UreD complex from H. pylori strain 26695 not showing any metal ion bound [27, 31] . Several attempts by us to purify the recombinant HpUreF from the G27 strain, which features only a seven-residue difference in the protein sequence (254 amino acids) as compared with that of UreF from H. pylori strain 26695, consistently produced a protein that completely accumulated in the insoluble fraction of the cellular extract. The present study was undertaken using the recombinant HpUreF from H. pylori strain 26695, purified in a soluble form, to investigate the protein properties in solution. Our work revealed a novel Ni 2? binding activity of HpUreF in vitro, the role of Ni 2? in modulating the structural and functional properties of HpUreF, and its importance for urease activation in a cellular milieu.
Materials and methods

Materials
The pCR1.2 (3.9 kbp) subcloning vector was purchased from Eurofins, and the pET15b (5.7 kbp) expression vector was from Novagen. NdeI and BamHI FastDigest Ò restriction enzymes were from Fermentas. Plasmids were purified from Escherichia coli XL10-Gold ultracompetent cells (Stratagene) using Wizard Plus SV Minipreps DNA purification systems (Promega). DNA fragments were purified by electrophoresis on a 1 % (w/v) Wizard SV agarose gel and PCR cleanup system (Promega). pGEM-T Easy subcloning vector and T4 DNA ligase were from Promega. Site-directed mutagenesis was performed using the QuikChange Lightning site-directed mutagenesis kit (Stratagene) on the pET15b::HpureF and pGEM::ureOP plasmids.
Gene cloning and mutagenesis
The ureF gene from H. pylori strain 26695 coding for sequence residues 1-254 was commercially synthesized and cloned into the pCR1.2 subcloning vector, introducing the recognition sites for the NdeI and BamHI restriction enzymes at the 5 0 and 3 0 positions, respectively. The purified pCR1.2::HpureF construct was double-digested with NdeI and BamHI. The purified DNA fragment, corresponding to the ureF gene, was ligated (T4 DNA ligase) into the pET15b expression vector previously digested with NdeI and BamHI. This protocol introduced a His-tag at the N-terminus, followed by a Gly-Ser-His (GSH) tripeptide. The purified construct (pET15b::HpureF) was scrutinized by restriction analysis and sequenced at both strands. E. coli BL21(DE3) competent cells were transformed with the recombinant pET15b::HpureF construct.
According to the sequence of the urease operon from H. pylori strain G27 (National Center for Biotechnology Information code NC_011333.1), the two oligonucleotides 5 0 -AAAGGGGTATTAAACGCGCTTCTA-3 0 and 5 0 -AGC GCTTTTAAATCTTTTGCGTGATGG-3 0 were used to amplify the entire 6,144-bp urease operon by PCR from the genome of H. pylori strain G27. The purified PCR product was ligated (T4 DNA ligase) into the pGEM-T Easy vector. The resulting construct (pGEM::ureOP) was purified, scrutinized by restriction analysis, and sequenced at the 5 0 and 3 0 ends. The recombinant plasmid carries the urease operon in the same transcriptional direction of the T7 promoter, allowing induction of protein expression based on the T7 expression system. E. coli BL21(DE3) cells were transformed with the pGEM::ureOP construct for the urease activity test.
Site-directed mutagenesis was performed on the pET15b::HpureF and pGEM::ureOP plasmids. 
Protein heterologous expression and purification
Recombinant wild-type UreF from H. pylori strain 26695 was produced using a protocol adapted from a previous study [31] . Expression of His-tagged HpUreF and its mutants was obtained by growing the transformed cells in 2 L of Luria-Bertani (LB) medium at 37°C until the optical density at 600 nm reached 0.5-0.6. The expression was induced with 0.5 mM isopropyl b-D-1-thiogalactopyranoside (IPTG), the temperature was reduced to 16°C, and expression was conducted for 21 h. 15 N-labeled protein was obtained with the same protocol, using 15 After elution, the protein solution was dialyzed twice for 3 h at 4°C against 3 L of 10 mM 2-amino-2-hydroxymethylpropane-1,3-diol (Tris)-HCl at pH 8.3, containing 0.15 M NaCl, 0.1 mM TCEP, and 10 % w/v glycerol, in order to remove imidazole and thus obtain the optimal buffer conditions for the subsequent enzymatic reaction. The His-tag was removed by incubating the protein with 3 U of thrombin protease (Sigma) per milligram of protein at 20°C for 4 h. The sequence of thrombin-cleaved HpUreF is expected to retain the additional GSH sequence at the N-terminus. The uncleaved protein was removed by incubating the protein samples at room temperature for 20 min in the presence of 100 lL nickel-nitrilotriacetic acid affinity resin and then centrifuged at 4,000g for 15 min. To remove thrombin protease, the supernatant was collected and incubated at room temperature for 20 min with benzamidine agarose resin (Sigma). The resulting slurry was centrifuged at 4,000g for 15 min, the supernatant was collected, and 10 mM EDTA was added. The protein was concentrated using 10-kDa molecular mass cutoff Amicon ultrafiltration units (Millipore UFC801024) until a final volume of 2 mL was reached. The sample was then eluted by size-exclusion chromatography using a Superdex 75 XK 16/60 column (GE Healthcare) in 10 mM Tris-HCl buffer at pH 8.0, containing 0.15 M NaCl and 0.2 mM TCEP. This final purified protein (approximately 15 mg per liter of culture) was concentrated to 1 mg mL -1 using Amicon ultrafiltration units (Millipore), and was stored at -80°C. The purification of the protein mutants followed exactly the same protocol. The yield of protein expression, the size-exclusion elution profiles, and the protein stability over time did not change for the wild-type proteins compared with the mutated proteins. The thermal stability of the wild type and the double mutant was determined using differential scanning fluorimetry experiments in triplicate (Thermofluor [36] , see the electronic supplementary material). In each purification step, the purity of the wild-type and mutant HpUreF proteins, as well as the molecular mass under denaturing conditions, was assessed by electrophoresis on a NuPAGE Novex precast gel system (Invitrogen) with NuPAGE 4-12 % 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol gels. The identity of the purified HpUreF, as well as its molecular mass, was demonstrated by electrospray ionization quadrupole time-of-flight mass spectrometry. The absence of metal ions bound to the purified proteins was confirmed by inductively coupled plasma emission spectroscopy using a previously described procedure [37] . The protein concentration was estimated using the theoretical extinction coefficient (e 280 = 16,390 M -1 cm -1 ) calculated from the amino acid sequence using the ProtParam website (http://web.expasy.org/protparam/). The concentration of the protein is expressed as protein dimer throughout this article.
Isothermal titration calorimetry
Ni 2? binding titrations of wild-type and mutant HpUreF proteins were performed at 25°C using a high-sensitivity VP-ITC microcalorimeter (MicroCal, Northampton, MA, USA). Immediately before each isothermal titration calorimetry (ITC) measurement, the protein sample was eluted through a Superdex S75 10/300 GL (GE Healthcare) sizeexclusion chromatography column using a 10 mM TrisHCl pH 8.0 buffer containing 0.15 M NaCl and 0.2 mM TCEP as the eluent. The same buffer was used to dissolve the nickel salt. The reference cell was filled with deionized water. Before each experiment, the baseline stability was verified. An interval of 300-400 s was applied between the injections to allow the system to reach thermal equilibrium. Control experiments were conducted by titration of the metal ion solution into the buffer alone, under identical conditions, and the heat of dilution was negligible. The solution containing HpUreF (25 lM) or its mutants (15-20 lM) , loaded into the sample cell (1.4093 mL), was titrated with 55 9 5 lL injections of a solution containing 500-750 lM NiSO 4 . The data were processed with the Origin software package (MicroCal), and were fitted using a nonlinear least-squares minimization algorithm to theoretical titration curves that involved different binding models. The reduced
where N is the number of degrees of freedom, N = N idp -N par ; N idp is the number of points; and N par is the number of parameters floating in the fit) was used to establish the best fit among the models tested. Values for the enthalpy change of the reaction (DH), the binding affinity constant (K d ), and the number of sites (n) were parameters of the fit. The reaction entropy was calculated using DG = -RT lnK d (R = 1.9,872 cal mol
The values given for DH and DS are apparent values, and include contributions not only from metal binding but also from associated events such as protonation/deprotonation of the amino acid residues involved in the binding and the consequent change in the buffer ionization state. Indeed, the present study does not have the goal of determining the absolute thermodynamic parameters for Ni 2? binding to HpUreF, but rather has the goal of determining the equilibrium constant and stoichiometry in comparison with binding events involving HpUreG and HpUreE, determined by some of us in previous studies [18, 33] using the same conditions and protocols.
Light scattering measurements
The oligomerization state and the hydrodynamic radius of HpUreF in the absence and presence of Ni 2? were determined using a combination of size-exclusion chromatography, multiple-angle light scattering, and quasielastic light scattering. HpUreF (500 lL, 35 lM, in the absence and in the presence of 70 lM NiSO 4 in the incubation and elution buffer) was diluted in 10 mM Tris-HCl pH 8.0, containing 0.15 mM NaCl and 0.2 mM TCEP. The samples were loaded onto a Superdex 200 10/300 GL column (GE Healthcare) preequilibrated with the same buffer and were eluted at a flow rate of 0.6 mL min -1 . The column was connected downstream to a multiple-angle laser light (690.0 nm) scattering DAWN EOS photometer (Wyatt Technology) and to a quasielastic light scattering apparatus (WyattQELS). The specific refractive index increment (dn/dc) for the protein was taken as 0.185 mL g -1 [38] . The value of 1.331 for the solvent refractive index and the concentration of the eluted protein were determined using a refractive index detector (Optilab DSP, Wyatt). Molecular weights were determined from a Zimm plot. Data were processed using Astra version 5.1.7 (Wyatt Technology), following the manufacturer's instructions.
Circular dichroism spectroscopy
The secondary structure content of HpUreF was estimated by circular dichroism (CD) spectroscopy. Apo-HpUreF (2.5 lM) was diluted in (1) 10 mM Tris-HCl pH 8.0 containing 0.15 M NaCl and 0.2 mM TCEP, or (2) 20 mM phosphate buffer pH 8.0 in the absence and in the presence of 2 equiv of NiSO 4 per protein dimer. Only in the case of phosphate buffer could the low-wavelength range be used for quantitative estimation of secondary structure content. The CD spectra were recorded at room temperature using a JASCO 810 spectropolarimeter flushed with N 2 and a cuvette with 0.1-cm path length. The spectra were registered from 185 to 250 nm (in phosphate buffer) or from 200 to 250 nm (in Tris-HCl buffer) at 0.2-nm intervals. The spectra obtained were corrected for the spectrum of the buffer by subtraction. The secondary structure composition of HpUreF was evaluated using the CSSDTR algorithm available from the Dichroweb server (http://dichroweb. cryst.bbk.ac.uk/html/home.shtml) and the best fit was determined through the normalized root mean square deviation.
NMR spectroscopy Uniformly 15 N-labeled HpUreF (250-500 lM in 10 mM Tris-HCl pH 8.0, containing 0.15 M NaCl and 0.2 mM TCEP) was used to conduct NMR experiments on the protein in its apo form. NMR spectra were acquired at 298 K with an SGU-based Bruker Avance 900-MHz spectrometer operating at the proton nominal frequency of 899.07 MHz and equipped with a 5-mm TCI cryoprobe with a shielded z-axis pulse field gradient. The Bruker pulse sequence trosyetf3gpsi2 [39, 40] was used to obtain phase-sensitive gradient-enhanced sensitivity-improved 1 H-15 N transverse relaxation optimized spectroscopy heteronuclear single quantum coherence spectra, with gradient selection using the f3 channel. In this pulse scheme, water suppression is achieved via coherence pathway rejection. The spectra were acquired with a relaxation delay of 2.0 s and an acquisition time of 390 ms. A typical acquisition consisted of 144 scans per free induction decay for a matrix of 2,048 9 256 complex points. Spectral widths of 11.6 ppm, with the carrier at 4.77 ppm for the 1 H dimension, and of 40.0 ppm, with the carrier at 118.58 ppm for the 15 N dimension, were used. Data were processed using iNMR (http://www.inmr.net). Linear prediction was used in the 15 N dimension to improve digital resolution. Data were zero-filled to 2,048 9 1,024 points and weighted using a squared sine wave shifted by 60°.
X-ray absorption spectroscopy
Two protein samples containing HpUreF (0.39 mM in 10 mM Tris-HCl pH 8, 150 mM NaBr, 0.2 mM TCEP) were prepared by adding 0.9 equiv of NiSO 4 per protein dimer. After metal addition, the sample was incubated for 5 min, loaded into sample cells, frozen in liquid nitrogen, and stored at 77 K until data collection.
X-ray absorption spectroscopy (XAS) data were collected at the Stanford Synchrotron Radiation Lightsource (3-GeV ring) on beam line 7-3 equipped with a Si(220) (/ = 0°) double-crystal monochromator, a liquid-helium cryostat for the sample chamber, and a 30-element germanium X-ray fluorescence detector array. Scattering was reduced by placing a Söller slit with a 3-lm Z-1 element filter between the sample and the detector. Internal energy calibration was performed by collecting spectra simultaneously in transmission mode on a nickel foil.
The SixPack software program was used to average the data and perform calibrations [41] . Energy calibration was achieved by setting the first inflection point from the X-ray absorption near-edge spectroscopy (XANES) spectral region to 8,331.6 eV for the nickel foil. The Athena software program, using the AUTOBK algorithm, was used for data reduction and normalization [42] . A linear pre-edge function and a quadratic polynomial for the postedge data were used for background subtraction, followed by normalization of the edge jump.
The Ni 2? XANES spectrum of Ni 2? -bound HpUreF was fit over the 8,280-8,355-eV range, using the PeakFit version 4.12 software package [43] . Pseudo-Voigt area functions were used for the absorption features, and a cumulative Gaussian function was used for the edge jump.
The Ni 2? -bound HpUreF extended X-ray absorption fine structure (EXAFS) data were extracted using R bkg = 0.8 and a spline from k = 2 Å -1 to k = 12.5 Å -1 with a rigid clamp at high k values. The k 3 -weighted data were fit in the r-space over the k = 2-12.5-Å -1 range, with E 0 for nickel set to 8,340 eV. The data set was processed using a KaiserBessel window with dk = 2 (window sill).
The Artemis software program, which uses the algorithms FEFF6 and IFEFFIT, was used to generate and fit scattering paths to the data [42, 44, 45] . Fits using both single-scattering and multiple-scattering pathways were performed as previously described [34, 46] and are illustrated in subsequent sections, using the general EXAFS equation below [47] : Histidine ligands were fit as rigid imidazole rings, constructed using average values and bond lengths obtained from crystallographic data [48] . The distance of the imidazole ring from the metal center was fit in terms of the metal-to-ligand bond distance (R eff ) and a rotation angle a, as previously described [49, 50] . To assess the goodness of the fit from different fitting models, the parameters v 2 , v v 2 , and R were minimized. Increasing the number of adjustable parameters is generally expected to improve the R factor; however, v v 2 may go through a minimum then increase, indicating that the model is overfitting the data. These parameters are defined as follows:
N idp is the number of independent data points and is defined as
Dr is the fitting range in r-space, Dk is the fitting range in k-space, N pts is the number of points in the fitting range, N var is the number of variables floating during the fit, e is the measurement uncertainty, Re() is the real part of the EXAFS Fourier-transformed data and theory functions, Im() is the imaginary part of the EXAFS Fouriertransformed data and theory functions, v(R i ) is the Fourier-transformed data or theory function, and
Urease activation assay in the cellular milieu E. coli BL21(DE3) cells were freshly transformed with the wild-type HpUreF and H229A, C231A, and H229A/C231A mutant pGEM::ureOP plasmids. For each clone, cultures were performed in duplicate from two different colonies of the same bacterial transformation. The bacterial cells were cultured at 37°C in 40 mL of LB medium, supplemented with 100 lg mL -1 ampicillin and 0.5 mM NiSO 4 and 0.5 % glucose (w/v). Protein expression was induced by adding 0.5 mM IPTG when the optical density at 600 nm reached 0.5. Cells were harvested by centrifugation after 16 h from induction and were resuspended in 2 mL of 20 mM Tris-HCl pH 7.5, containing 100 mM NaCl, 10 mM MgCl 2 , and 20 lg mL -1 DNase. Cell lysis was performed using 25 mg mL -1 CelLytic Express (SigmaAldrich). The cell pellet was separated from the soluble fraction by centrifugation at 20,000 rpm for 20 min at 4°C. The total protein concentration in the soluble fraction was determined using the Bradford reagent [51] and was used to normalize the measured urease activity. Specific urease activity was quantitatively determined at 25°C using the pH-stat method, as previously reported [52, 53] . Measurements were performed twice on the same cellular extract and the results were averaged. One unit of urease activity is defined as the amount (mg) of enzyme capable of hydrolyzing 1 lmol of urea per minute. The reaction mixture (10 mL) contained 1-2 mL of cellular extract and 200 mM urea. A negative control, performed using a cellular extract of nonrecombinant BL21(DE3) cells, showed the absence of detectable activity.
Analysis of metal transport pathways in the UreG 2 -UreF 2 -UreD 2 complex from H. pylori
The program CAVER 3.0 [54] was used to calculate all pathways departing from the HpUreG Cys-Pro-His (CPH) motif region within the structure of the UreG 2 -UreF 2 -UreD 2 complex from H. pylori strain 26695 (Protein Data Bank code 4HI0) [55] . All water molecules were removed before the tunnel calculation. The starting point of the tunnel search was calculated as the average position between the HpUreG Cys66 Sc atoms from each HpUreG monomer. The tunnel search was performed using a probe of 0.9-Å radius. The tunnels identified were clustered by hierarchical average link clustering based on the pairwise distances of the tunnels computed. The results were analyzed using the UCSF Chimera package [56] .
Results and discussion
Purification of HpUreF
The purified HpUreF was analyzed by mass spectrometry, which typically showed the presence of a major species in solution that corresponds to the sequence of HpUreF with the initial GSH fragment, but lacking the 21 C-terminal residues. The same C-terminal truncation was previously reported in two independent studies [27, 31] , indicating an intrinsic propensity of this region of HpUreF to be lost during expression and purification. Consistently, according to ProtParam (http://web.expasy.org/protparam/), the C-terminal truncated form of the protein is stable, as opposed to the full protein (with, or without, the GSH fragment) or the truncated form without the GSH, both of which are predicted to be unstable owing to hydrolysis. During initial attempts at protein purification, the mass spectrum of the protein showed an additional peak which was interpreted as due to the presence of a Ni 2? ion bound to the truncated form of HpUreF, possibly derived from the first purification step for the His-tagged HpUreF that involved affinity chromatography on a Ni 2? -loaded resin. This observation suggested that in solution HpUreF is able to bind Ni 2? , and that this property is maintained after Histag removal. Before any subsequent analyses, the wild-type protein obtained following the His-tag digestion, and its single and double mutants, were extensively treated with EDTA to remove any bound metal ions. EDTA was removed in the last size-exclusion purification step, giving the fully metal voided proteins, as confirmed by inductively coupled plasma emission spectroscopy.
HpUreF nickel binding properties
The capability of HpUreF to tightly bind Ni 2? was confirmed by the presence of exothermic peaks following each injection in ITC experiments (Fig. 2a) . Fits of the integrated heat data (Fig. 2b) [33] ) and HpUreG (K d = 10.0 lM at pH 8.0 from ITC data [18] ), proteins involved in urease maturation. This observation supports the idea that Ni 2? is shuffled among a battery of protein transporters that obtain the metal ion from exchangeable cellular pools in which the metal concentration is regulated by related metallosensors [60, 61] .
Solution structural properties of HpUreF and nickel binding
Structural information on HpUreF is available only from solid-state crystallographic data [27, 31] . We investigated the fold of HpUreF in solution, and examined whether Ni 2? binding influences the protein secondary, tertiary, and quaternary structure, using CD spectroscopy, NMR spectroscopy, and light scattering.
The CD spectrum of apo-HpUreF (Fig. 3a) shows the prevalence of a-helices, with negative deflections around 222 and 208 nm and a positive peak at 190 nm. The quantitative analysis of the spectrum (normalized root mean square deviation of 0.009) resulted in an estimated secondary structure composition of 69 % a-helix, 8 % bstrand, 7 % turns, and 17 % random coil. This composition is similar (62 % a-helix, 8 % turns, and 30 % random coil) to that calculated by STRIDE [62] using the crystallographic structure of isolated apo-HpUreF [31] . The CD spectrum of the protein is not significantly affected by the addition of 2 equiv of Ni 2? per protein dimer, indicating that nickel binding does not change the secondary structure of the protein (Fig. 3a) . The same result was obtained using either phosphate buffer or Tris-HCl buffer, independently of the presence of TCEP.
The 900-MHz 1 H-15 N transverse relaxation optimized spectroscopy heteronuclear single quantum coherence NMR spectrum of apo-HpUreF provided information on the structural features of the protein backbone. The spectrum shows a number of signals consistent with the number of amino acids in the protein sequence (Fig. 3b) The number and properties of these peaks suggest that they belong to the 21-residue C-terminal portion, which is ordinarily lost quickly when the protein is prepared from bacteria grown in rich LB medium. In the case of the NMR samples prepared using minimal M9 medium, the presence of these peaks was often observed, with their intensity varying from one preparation to another. This is consistent with sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels of the NMR samples, which showed the presence of two bands corresponding to the protein cleaved and not cleaved at the C-terminus, and suggests that the C-terminal portion of HpUreF is quickly removed by the higher proteolytic activity of cells grown in rich media, probably because of the larger amount of protease-activating metal ions. On the other hand, the C-terminal portion of recombinant HpUreF more frequently survives the preparation in minimal medium and is slowly hydrolyzed to differing degrees during NMR sample preparation and data collection. The NMR spectrum does not show any significant variation in the presence of Ni 2? , suggesting a diamagnetic, low-spin Ni 2? site (four-coordinate planar or five-coordinate pyramidal geometry) and the absence of large and observable changes of the backbone conformation. The crystal structures of HpUreF, obtained in two independent studies [27, 31] , consistently show the protein in a dimeric form in the solid state. However, the physiological relevance of this oligomeric form in the urease activation process has been questioned on the basis of small-angle X-ray scattering data obtained on K. aerogenes proteins, which were interpreted as suggesting the presence of a (UreABCDF) 3 complex that contrasts with a functional UreF dimerization [25] . The oligomeric state of isolated apo-HpUreF in solution was previously investigated using multiple-angle light scattering in line with sizeexclusion chromatography [27] . In those experiments, HpUreF was eluted as a single peak with a molecular mass of 43 kDa, a value close to, but lower than, the mass estimated for the truncated dimer (53 kDa), suggesting that the protein exists primarily as a dimer in solution in rapid equilibrium with a small amount of monomer. In the same study, and in agreement with the crystal structure, the complex of HpUreD and HpUreF was eluted as a single peak with a molecular mass consistent with that of the HpUreF 2 -HpUreD 2 heterotetramer [27] . To investigate whether nickel binding affects the quaternary structure of isolated HpUreF, we performed a sizeexclusion chromatography-multiple-angle light scatteringquasielastic light scattering experiment in the absence or presence of 2 equiv of Ni 2? per protein dimer. For the apoprotein, a molecular mass of 52.8 ± 0.1 kDa and a hydrodynamic radius of 3.2 ± 0.1 nm were measured for the protein eluted from the column as a single peak (Fig. 3c) . This value corresponds to that predicted for the dimeric protein. In the presence of 2 equiv of Ni 2? per protein dimer, a compound was eluted as a single peak with the same retention volume as and a molecular mass similar to that in the case of the apoprotein (Fig. 3c) . These results, together with the NMR results that show that no change in fold or oligomeric state occurs on addition of Ni 2? , indicate that the presence of bound Ni 2? does not affect the oligomeric state of the HpUreF dimer.
Identification of nickel binding residues using XAS
To identify the metal coordination geometry in Ni 2? -bound HpUreF and the type of residues involved in metal binding, we used XAS. The XANES spectrum of HpUreF incubated with Ni 2? exhibits two pre-edge features (Fig. 4a) at 8,331.8 eV and at 8,337.5 eV that are associated with 1s ? 3d and 1s ? 4p z electronic transitions, respectively. The intensity of the 1s ? 3d transition (peak 1, 0.11 ± 0.02 eV) falls outside the range typically observed N transverse relaxation optimized spectroscopy heteronuclear single quantum coherence spectrum of apo-HpUreF acquired at 900 MHz and 298 K. c Molar mass distribution of HpUreF in the absence (large dots and thick line) and in the presence (small dots and thin line) of 2 equiv of Ni 2? per protein dimer. The solid lines indicate the Superdex-75 elution profiles monitored by the refractive index detector, whereas the dots are the weight-averaged molecular masses for each slice, measured every second c for centrosymmetric coordination geometries, whereas the distinct shoulder corresponding to a 1s ? 4p z transition (peak 2, 0.90 ± 0.10 eV) is consistent with tetragonal geometries missing one or both axial ligands (see Table S1 for full fitting parameters). Overall, the XANES spectra of Ni 2? -bound HpUreF are consistent with the presence of a five-coordinate pyramidal geometry for the nickel center [43] . This is consistent with NMR-based data suggesting the presence of diamagnetic Ni 2? . The Fourier-transformed EXAFS spectrum of Ni 2? -bound HpUreF has an intense feature at r = 1.5 Å , suggesting that a single shell of N/O-donor ligands is present (Fig. 4b) . However, single-scattering fits show the presence of at least two shells of N/O-donor ligands, which may account for the broadness of the main feature in r-space. Fits that include sulfur or bromide atoms in the first coordination shell yield unreasonable bond distances or large r 2 values. Large r 2 values result when a dampening of the EXAFS amplitude in the fitting equation is required by the fit, indicating that even incorporating one sulfur or bromine atom in the model is too much. The intensity found in the 2-4 Å range of the Fourier-transformed spectrum is due to the presence of multiple scattering from ligands such as histidine imidazoles. Scattering paths for histidine imidazole ligands were generated and fit using a rigid model, as previously described [34, 46] . These fits suggest the presence of two shells of scattering atoms consisting of a combination of histidine imidazole ligands and other N/O donors (Tables S2, S3 ). The best fits are for a five-coordinate nickel center, and are consistent with the XANES analysis ( Table 1 ). The models show contributions from one or two histidine ligands. Even though the model consisting of two different shells of N/O ligands and a single histidine imidazole has a slightly better goodness of fit than the analogous model with two histidine ligands, the single-histidine model has a rather small value of r 2 ( Table 1) . Considering our fitting model, this indicates that the intensity of the Fourier-transformed spectrum in the 2-4 Å range is not fully represented by multiple scattering from a single histidine. However, the geometry determined from the XANES region of the spectrum might offer a clue. We have previously observed five-coordinate nickel binding sites in proteins, such as nickel superoxide dismutase, where the metal center is coordinated in a chelating manner by a histidine and an amide nitrogen [63] , which might account for the amplitude achieved from a two-histidine model (Table 1) . Such a fit does indeed give statistical values comparable to those of models containing one or two histidine ligands, with the added benefit of more appropriate r 2 values, and is consistent with the mutation studies (vide infra) that suggest that only one histidine is present in the UreF metal binding site. As the nickel binding site in UreF is, according to our mutation studies, in a region rich in aspartic acid and glutamic acid residues, we looked at improving the fits by adding contributions from carboxylate groups (Fig. 4b, Table 1 ). Despite the additional fitting parameters for the fits with a carboxylate group, a drop in the v v 2 value by a factor of approximately Fig. 4 HpUreF Ni K-edge X-ray absorption spectra. a X-ray absorption near-edge spectroscopy (XANES) spectrum. The inset reports the data (circles) versus the fitted sum (line) from the individual XANES spectrum pre-edge features (peaks 1-5; see Table S1 ). b Fourier-transformed extended X-ray absorption fine structure (EXAFS) spectrum (circles) and best fit (line), shown without phase correction [Fourier transform (FT) window of 2-12.5 Å model alludes to a well-structured metal binding site with significant multiple-scattering interactions. Owing to the error associated with EXAFS fits and the difficulty in distinguishing between nitrogen and oxygen donors, the best description for the structure of the HpUreF nickel site that is consistent with the mutagenesis studies is a pentacoordinated Ni 2? ion with four N/O donors at 1.8-1.9 Å , and presumably a longer apical ligand at 2.16 Å . The coordination shell consists of a histidine, most probably binding the nickel center in a chelating manner involving one amide nitrogen, similarly to nickel superoxide dismutase, and one or two carboxylate-like groups, possibly from nearby aspartic acid and glutamic acid residues. The sitedirected mutagenesis studies outlined below support a nickel binding site that contains one histidine, which lends support to the EXAFS multiple-scattering models involving only one histidine ligand. To the best of our knowledge, this is the first example of a biological five-coordinate lowspin Ni 2? site without a sulfur-based ligand [64] .
Identification of nickel binding residues by site-directed mutagenesis
The analysis of the XAS data reveals details of the metal binding site for Ni 2? -bound HpUreF. The Ni 2? complex shows no contributions from either cysteine ligands or bromide derived from the buffer, and is consistent with a Ni(N/O) 5 center with one or two histidine ligands and no solvent-exposed sites. On the basis of the crystal structure of dimeric apo-HpUreF [27, 31] (Fig. 5) , we initially focused our attention on the pair of His180 residues, which are located in the highly conserved dimer interface, as possible Ni 2? ligands, and addressed the role of these residues in metal binding using the H180A HpUreF mutant protein. H180A HpUreF binds Ni 2? ions with a calorimetric curve substantially identical to that for the wild-type protein (Fig. S1A) , indicating that the pair of His180 residues are not ligands in the nickel site. In particular, a fit of the thermodynamic data (Fig. S1B) showed that the mutant protein binds two Ni 2? ions per protein dimer with K dH180A = 5.9 ± 0.6 lM, DH H180A = -5.3 ± 0.2 kcalmol -1 , and DS H180A = 6.2 cal mol -1 K -1 . The crystal structure of apo-HpUreF [27, 31] further reveals a pair of closely spaced and surface-exposed His229 and Cys231 residues, potentially constituting a nickel binding site, similar to that established for HpUreG [18] . To verify the involvement of these putative ligands in nickel binding, they were mutated to alanine, and the metal binding properties of the single and double mutants were determined by ITC. In the H229A/C231A HpUreF double mutant, Ni 2? binding was substantially abolished (Fig. 2b) . The fact that mutation of H229 and C231 is sufficient to fully abrogate binding of nickel to HpUreF indicates that (1) 2 (1) a The histidine is bound through the e nitrogen with a = 10°.
b The histidine is bound through the d nitrogen with a = 0°.
the histidine present in the GSH sequence retained at the N-terminus after removal of the His-tag is not involved in binding of nickel to the protein. This observation prompted us to dissect the exact role of His229 and Cys231 for Ni 2? binding by producing the two single mutants H229A HpUreF and C231A HpUreF and titrating Ni 2? into the mutant protein solutions (Fig. 2b) . When His229 is mutated to alanine, Ni 2? binds the protein (n = 1.5 ± 0.1) with lower affinity (K d,H229A = 8.1 ± 0.5 lM) with respect to the wild-type protein and with similar enthalpic and entropic factors (DH H229A = -4.6 ± 0.1 kcal mol -1 , DS H229A = 7.9 cal mol -1 K -1 ). This result, coupled with the total abolishment of the Ni 2? binding capability of the H229A/C231A HpUreF double mutant, suggests that another nearby residue compensates the mutation of His229. This residue is located in a protein region that is rich in aspartic acid residues, consistent with the multiple scattering features in the EXAFS spectrum of Ni 2? -bound HpUreF interpreted as arising also from carboxylate ligands. When Cys231 is mutated to alanine, Ni 2? binding occurs with similar affinity (K d,C231A = 12.2 ± 0.1 lM), but with different stoichiometry (n = 0.4 ± 0.1) and thermodynamic factors as compared with the wild type, and in particular with a unfavorable entropy (DS C231A = -27.7 cal mol -1 K -1 ), which is compensated by a largely negative enthalpy of binding (DH C231A = -14.9 ± 0.3 kcal mol -1 ). The XAS data are consistent with the presence of at least one histidine residue, most likely His229, in the Ni 2? coordination environment, but they are inconsistent with sulfur binding to the metal ion. Taken together, these observations indicate that Cys231, although not being a direct Ni 2? -binding residue, is important to maintain the integrity of the metal binding site. Considering the structural vicinity of the two residues, this could in principle be achieved through hydrogenbonding interactions between the thiol group of the cysteine and the noncoordinating nitrogen atom of the metalbinding histidine imidazole ring.
Function of metal binding residues for HpUreF activity in the cellular milieu In the recently published structure of the HpUreF-HpUreD complex, [27] the His229 residue on HpUreF, established in this study as a Ni 2? binding ligand, faces His159 in HpUreD (Fig. 5) , suggesting that this protein region is functionally important for metal trafficking, possibly by being involved in protein-protein interactions or in delivery of Ni 2? to the urease active site. For this reason, the functional role of His229 and Cys231 was explored by testing the effect of the mutation of these residues on the urease activation process in the cellular milieu (Fig. 6 ). This experiment was performed by transforming and culturing E. coli BL21(DE3) cells containing a novel plasmid (pGEM::ureOP), produced by cloning the 6.1-kbp urease operon by PCR on the H. pylori genome, and inserting the PCR fragment into a commercial vector (Fig. 6a) . The operon was inserted in the same orientation of the T7 promoter as found in the vector, allowing urease overexpression to be induced by IPTG in bacteria grown in the presence of nickel in the medium. The urease activity produced in the soluble fraction of the cellular extract was [55] . HpUreD, HpUreF, and HpUreG chains are colored as in Fig. 1 . Water molecules are depicted as lightblue spheres. b Channels departing from the buried CysPro-His motif calculated using the program CAVER 3.0 [53] and the H. pylori UreG 2 -UreF 2 -UreD 2 crystal structure (Protein Data Bank code 4HI0) [55] . Protein backbones are reported in cartoons colored as in Fig. 1 , whereas the tunnels are reported as light-blue spheres. The radius of the sphere is indicative of the thickness of the tunnel. The HpUreG Cys66 residues as well as HpUreF His229 and Cys231 are shown as balls and sticks colored accordingly to atom type. In the bottom panel the structure is rotated by 90°along the horizontal axis. c Detail of the position of HpUreF His229 and Cys231 with respect of the calculated tunnel. Protein backbones and the tunnel are colored as in b quantitated using the pH-stat method [52, 53] . Site-specific HpUreF mutation was performed on the pGEM::ureOP plasmid, and urease activities of the strains carrying the plasmid with the single mutations H229A HpUreF and C231A HpUreF as well as the double mutation H229A/ C231A-HpUreF were similarly analyzed and compared with that of the wild-type pGEM::ureOP strain. A similar protocol was applied to the nonrecombinant BL21(DE3) strain as a negative control, which showed undetectable urease activity. In the case of cells transformed with wildtype pGEM::ureOP, a significantly higher urease activity was detected as compared with the case in which the bacteria were transformed with the mutant plasmids containing the single or double mutants H229A, C231A, and H229A/C231A, for which the activity represents only approximately 20-25 % of that observed for the wild type (Fig. 6b ). These data demonstrate that mutation of either His229 or Cys231, or both His229 and Cys231, significantly decreases urease maturation in the cellular milieu.
Significance of nickel binding to UreF for urease activation
The observation of decreased urease activation in the cellular milieu for the single and double mutants of His229 and Cys231 could be due either to the disruption of the nickel trafficking mediated by this binding site in the UreF-UreD complex or to an alteration of the structural properties of the protein-protein interaction surface independently of metal binding. The latter can be largely excluded on the basis of a differential scanning fluorimetry assay (Thermofluor) [36] , which indicated T m of 55.3 and 54.8°C for the wild type and the double mutant, respectively (Fig. S2) . After the submission of this article, the crystal structure of the apo UreG 2 -UreF 2 -UreD 2 complex from H. pylori strain 26695 was released (Protein Data Bank code 4HI0) [55] . The UreF 2 -UreD 2 portion of the new complex is nearly identical to that observed in the crystal structure without HpUreG [27] . The latter protein, known to exist in a largely disordered ensemble of structures in solution in the absence of its partner proteins [16-19, 65, 66] was observed in a folded state with a secondary and tertiary structure, the position of guanine phosphate cofactor, and an oligomerization state that are essentially identical to those observed in the models of folded UreG from different sources previously calculated on the basis of homology modeling [16-19, 46, 66] (overall root mean square deviation of Ca positions of 1.9 Å in the case of HpUreG). The HpUreF region observed to interact with the HpUreG dimer in the crystal structure is in good agreement with that proposed on the basis of mutagenesis studies performed on KaUreG [32] . On the other hand, the HpUreG region that interacts with HpUreF in the solid state was in fact proposed to interact with HpUreE on the basis of computational studies based on calorimetric and NMR experimental data obtained in solution [33] . In the crystal structure, the conserved metal binding CPH motif, which is observed to interact with the metal binding site of HpUreE in solution, is instead found in close contact with the dimerization interface of HpUreF. This difference may be reconciled by suggesting a change of partner for UreG, which could interact with UreE as calculated in the theoretical complex in a stage of the process, while forming a complex with UreF as observed in the crystal structure in another phase of the metabolic pathway of urease assembly. The crystallized complex features a cavity at the interface between UreF and UreG, which contains several inner water molecules that interconnect through a network aligned along the horizontal axis of the UreF 2 -UreD 2 portion of the structure (Fig. 7a) .
This observation prompted us to investigated the presence of channels departing from the buried CPH motif to the solvent in the UreG 2 -UreF 2 -UreD 2 complex, using the program CAVER 3.0 [54] , in an effort to discover possible ways for metal ions such as Ni 2? and Zn 2? , which are known to bind to the CPH motif but are absent in the crystal structure, to reach the urease active site. Figure 7b shows the results of this search: two nearly identical and symmetric tunnels were found, going from the central cavity in the complex and exiting near the HpUreD C-terminal a-helix, passing through HpUreF and HpUreD. The distance through the calculated pathway between the CPH motif and the end of the tunnel on the HpUreD side is approximately 65 Å . The distance between the ends of the two tunnels is approximately 100 Å . Both tunnels pass close to HpUreF His229 and Cys231 (Fig. 7c) . This observation based on computational analysis, together with the experimental data obtained in this study, supports a role of UreF in the metal ion transport through these tunnels during urease activation. In particular, the channel surface within HpUreF features several potential metal binding residues (namely, Glu55, Glu85, and His159) possibly involved in a metal trafficking pathway. This hypothesis is currently under investigation in our laboratories. 
